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ABSTRACT
The Wade power plant at Purdue University produces chilled water, steam and electricity using CCHP (Combined
Cooling, Heating and Power) systems to meet the campus cooling, heating and electricity demands. Steam generated
from utility boilers is not only distributed through a steam tunnel system for campus heating but also used for power
generation, chilled water production and in-plant auxiliary usage. Chilled water is generated using both steam driven
chillers and electric chillers and is delivered through a closed water circulation loop to campus to meet the timevarying cooling demand. The electricity generated using two steam turbine driven generators provide 30-50% of the
electricity required to meet campus needs. The remainder of the electricity is purchased from the local electric utility
and includes a real-time pricing component that varies with time. Plant primary energy use and costs depend on
decisions regarding generation and/or purchase of electricity in response to time varying prices, loads and
environmental conditions. The operational staff tries to make decisions that minimize operating costs while meeting
campus electricity, heating, and cooling demands but only have limited analysis tools for making those decisions in
real time. This paper presents an approach for optimizing the operation of the CCHP system using a multimodal
genetic algorithm based on load forecasts and fuel pricing along with a model of the plant. The tool is used along
with the assumption of perfect forecasts to evaluate the benefits of optimal control for the Purdue CCHP plant as a
function of different (possibly future) utility rate incentives.

1. INTRODUCTION
Combined Cooling, Heat and Power (CCHP), also known as trigeneration, has great potential to minimize primary
energy consumption in distributed energy generation systems due to its ability to recover low-grade thermal energy
resulting in higher energy efficiencies, reduced emission rates and lower operating costs. Another benefit of
trigeneration is that, it offers a higher level of energy security and control by removing the reliance on centralized
power grids. CCHP systems are composed of many different components with diverse dynamic response
characteristics at various time-scales, and wide-ranging operational strategies to meet both electrical and thermal
demands. It is very complex to effectively design optimal control strategies because of varying operational
conditions such as the costs of fuel and electricity, building loads, and component design and operational limitations.
Maximizing the benefits of CCHP systems involves several different aspects: 1) thermodynamics (maximum energy
efficiency, minimum fuel consumption, minimum irreversibility), 2) economics (minimum operational cost), and 3)
environmental (e.g., emissions reduction). A proper optimization scheme is required to control and operate CCHP
systems. A number of papers have been published on optimizing the performance of cogeneration and trigeneration
systems. Linear programming was employed to solve long term cost optimization of a Combined Heat and Power
(CHP) or cogeneration system (Gustafsson and Karlsson, 1990 and Lahdelma and Hakonen, 2002) and a
trigeneration system (Rong and Lahdelma, 2004). Chandan et al. (2012) adopted reduced order thermo-economic
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models of CCHP components integrated with non-linear programming for a CCHP plant at the University of
California, Irvine. An evolutionary genetic algorithm has been used to maximize primary energy savings, annual
total cost savings, and carbon dioxide emission (CDE) reductions of a CCHP system for a hotel building in Beijing,
China (Wang et al., 2010). This approach was also utilized to minimize the total cost rate of the CHP plant using an
exergo-economic approach (Ahmadi and Dincer, 2010). An energy dispatch algorithm employs network flow
models using linear programming to minimize the operational cost, primary energy consumption and CDE (Cho et
al., 2009).
Detailed models for CCHP system components are complex and as such they are typically not employed in plantwide optimization activities due to the large computation time, non-linear characteristics of components,
thermodynamic constraints, mixed-integer variables to represent dispatch states (on/off) of the components, and
other associated challenges (Chandan et al., 2012). In this paper, we developed a detailed thermodynamic model
including the non-linear characteristics of components, and an optimization procedure for minimizing the total
operational cost of the Wade power plant (CCHP system) at Purdue University. A deterministic network energy
flow model is developed based on the capacity and operation of the CCHP system and an energy dispatch algorithm
is employed for the nonlinear problem using a multimodal genetic algorithm. The energy dispatch algorithm
provides control signals to determine the components to be operated (outermost supervisory control) based on the
energy (thermal and electric) demand, and in turn the algorithm activates the inner layer of components (pumps,
fans, cooling tower and other auxiliaries). Results from the simulation are presented in the paper to demonstrate the
economic advantages resulting from optimal CCHP operation. Furthermore, a sensitivity analysis is presented to
show how the optimal operation strategy varies with the changes in prices of electricity and natural gas.

2. CCHP MATHEMATICAL MODEL
2.1 System Description
The Wade power plant at Purdue University produces electricity, steam, and chilled water through a CCHP
(Combined Cooling, Heating, and Power) system to meet the campus electricity, heating and cooling demands. The
steam generated from the utility boilers is used for campus heating, power generation, chilled water production and
in-plant auxiliary component usage. The steam, which is distributed through a steam tunnel system, one line at 125
psig and the other line at 15 psig, is the sole heating source for 13.5 million gross square feet of Purdue campus
buildings. Chilled water can be generated using steam driven chillers and/or electric chillers, and is delivered
through a closed water circulation loop to campus to meet the time-varying cooling demand. The electricity
generated using steam turbine generators provides 30-50% of the electricity required to meet campus needs while
the remainder of electricity is purchased from the local electric utility, which includes a real-time pricing
component. Purdue's environmental footprint has significantly reduced as the result of trigeneration. Figure 1 shows
a simple schematic of the Wade power plant providing heating, cooling and electricity to Purdue campus. Apart
from major components, there are other auxiliary equipment such as boiler fans, feed water pumps, chilled water
pumps, system pumps and cooling tower fans and pumps that are activated depending on the major components to
which they are linked.

Figure 1: Wade power plant operation schematic
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2.2 Energy Flow in the CCHP System
The CCHP system contains separate components for heating, cooling and electricity production. Control of the
CCHP system is realized through a hierarchical paradigm. The outermost supervisory control layer determines
which components should be operating (on/off states) depending on the fuel cost and electric, cooling, and heating
energy demand, together with the energy flow and efficiency constraints of each component. Depending on the
results of this outer layer, the inner layer of component controllers activate other auxiliary equipment associated
with the major components in the CCHP system. The thermal and electrical demand of campus is met by the
combination of all components in the plant. The CCHP system contains components that are operated using steam,
electricity, or both as the input.
Superheated steam is generated at 600 psig from four boilers (three water-tube natural gas boilers and one
circulating fluidized bed coal boiler) and sent through a common 600 psig steam line. There are two steam driven
turbine generators (a 30 MW extraction/condensing turbine and a 10 MW extraction/backpressure turbine) that
utilize 600 psig steam to generate electricity. In the extraction/condensing turbine, some portion of the steam is
extracted at 125 psig to meet campus steam demand and to run steam chillers and other auxiliaries while the
remaining steam is condensed. In the extraction/backpressure turbine, one portion of steam is extracted at 125 psig
while the other is exhausted at 15 psig. The extracted steam at 125 psig and 15 psig are used for campus heating and
other in-plant auxiliaries. There are four feedwater pumps, three chilled water pumps, a coal boiler fan and a fan for
one natural gas boiler. These pumps and fans are driven by 600psig steam and they extract steam at 125 psig except
for the fan of natural gas boiler that extracts steam at 15 psig. The extracted 125 psig steam is utilized by three
centrifugal chillers, fans of natural gas and coal boiler which are steam-turbine driven. The steam from the fans are
extracted at 15psig while the steam from chillers are condensed. The steam is sent to Purdue campus from 125 psig
and 15 psig steam line to meet the campus heating demand. The condensate from campus and the various plant
components is collected and sent to the boilers again using the feedwater pumps. There are pressure reducing valves
in both the 600 psig steam line and the 125 psig steam line used to reduce steam pressure to meet the heating
requirements when the demand is high so the other components are bypassed. Figure 2 shows the steam flow across
various components in the CCHP system.

B – Boiler; TG – Turbine Generator; FWP – Feed Water Pump, CWP – Chilled Water Pump; F-B – Fan of the boiler; PRV – Pressure
Reducing Valve; C- Chillers; Cond – Condenser; A – Auxiliaries; 125# - 125 psig campus steam line; 15# - 15 psig campus steam line.

Figure 2: Wade power plant steam-driven components and steam flows
The electricity generated using the two turbine generators and the reminder purchased from local electric utility is
used to meet the campus electricity demand and to operate the other components within the power plant: four
electric chillers at Wade power plant and six electric chillers at North West Chiller plant, boiler feedwater pumps,
chilled water pumps, condensate transfer pumps, system pumps, boiler fans, cooling tower pumps and fans. The
operation of pumps and fans depends on the states of main components to meet campus energy demands.
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2.3 Network Flow Model
Based on the energy flows of steam and electricity described in the previous section, a deterministic network flow
model has been developed that connects the supply to the demand. Network optimization can effectively deal with
both continuous and discrete variables that are encountered throughout the system. The network flow model helps in
visualizing the electric and thermal energy flows through the CCHP equipment and helps in interpreting the results.
The network flow model for the CCHP system is shown in Figure 3. The nodes in this network represent sources of
energy and energy demand points. It can be seen that the demand drives the activation of individual components
throughout the network. Mass and energy conservation has been applied to develop the energy dispatch algorithm
with the network model.

Node B: Boilers
Xs,b: Steam from boilers
Node 600, 125, 15: 600, 125, 15 psig steam line
Xs,tg: Steam to turbine generators
Node: A: Auxiliaries
Xs,tgo: Steam from turbine generators
Node TG: Turbine generators
Xs,prv: Steam from /to PRV
Node F-B: Steam driven fan of the boiler
Xs,WSchr: Steam to steam chillers
Node FWP: Steam driven feed water pumps
Xs,125l: 125 psig steam to campus
Node CWP: Steam driven chilled water pumps
Xs,15l: 15 psig steam to campus
Node PRV: Pressure reducing valve
XE: Electricity purchased
Node EC: Electric chillers
Node C: Steam chillers
Node 125#, 15#: Steam line to campus
Node EP: Electricity purchased
Node DE, DC, DH: Electricity, Cooling, Heating demand

Etg: Electricity generated from turbine generators
EEc: Electricity to electric chillers
CEc: Cooling capacity from electric chillers
CSchr: Cooling capacity from steam chillers
H: Heating capacity from 125/15 psig steam line
SSf: Steam from/to steam driven F-B
SSfwp: Steam from/to steam driven FWP
SScwp: Steam from/to steam driven CWP
Saux: Steam to auxiliaries
NG: Natural Gas

Figure 3: Network energy flow model

2.4 Objective Function and Constraints
Plant primary energy use and costs depend on decisions regarding generation and/or purchasing of electricity in
response to time varying factors so as to keep the operating cost at a minimum while also meeting the campus
electricity, heating and cooling demands subject to time-varying prices, loads, and environmental conditions. Given
the electrical and thermal (heating and cooling) load behavior of campus, the tariff structure for grid-supplied
electricity, the price of primary fuel (e.g., natural gas & coal), the operating strategy and characteristics of the CCHP
system, and an assumed set of installed CCHP system capacities (e.g., installed capacity of boilers, chillers and
generators), classic make-or-buy decision characteristics in response to time varying factors can be analyzed. The
main objective is to find the lowest possible operational cost of the CCHP system in terms of the cost of natural gas,
coal and electricity. An hourly interval is assumed and no dynamics are considered in the plant modeling. With this
in mind, the static (steady-state) optimization problem for the each hour’s operating cost is described as:
3
h
hb 4
Cost( x)   cNG * xS,bi * bi  cC * xS,b 4 *
c *x
Minimize
(1)
bi
b 4 * HHVC E E , pur
i 1
Here the efficiency of each boiler, b , is a quadratic function of boiler steam load, which makes the objective
function non-linear. The boiler characteristic curves were determined from power plant operational data.
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The energy flow model of Figure 3 is useful in formulating steady-state constraints. Equality constraints are applied
to mass and energy balances on each of the nodes that involve decision variables for steam supply and the impacts
of those decisions on the supply of energy to meet the campus energy demands. Mass balances applied to the 600
psig, 125 psig and 15 psig steam line nodes in Figure 3 are enforced by driving equations (2), (3) and (4),
respectively, to zero in the problem solution.
h(1)  xS ,b1  xS ,b 2  xS ,b3  xS ,b 4  xS ,tg1  xS ,tg 2  sSfwp  sWScwp  sSf 2  sSf 4 a  xS , prv1  saux1
(2)
h(2)  xS ,tg1ao  xS ,tg 2 ao  sSfwp  sWScwp  sSf 4 a  xS , prv1  xS ,WSchr1  xS ,WSchr 2  xS ,WSchr 3  sSf 1  sSf 4b  xS , prv 2  xS ,125l  saux 2

(3)

h(3)  xS ,tg 2bo  sSf 1  sSf 2  sSf 4b  xS , prv 2  xS ,15l  saux 3

(4)

Mass balance equality constraints for the steam feeding the boiler and turbine generator nodes in Figure 3 are given
by equations (5), (6) and (7) respectively, assuming no losses.
h(4)  xW , Sfwp  xW ,E fwp  xS ,b1  xS ,b 2  xS ,b 3  xS ,b 4
(5)
h(5)  xS ,tg1  xS ,tg1ao  xS ,tg1bo

(6)

h(6)  xS ,tg 2  xS ,tg 2 ao  xS ,tg 2bo

(7)

Similarly energy balance constraints across 600 psig, 125 psig and 15 psig steam line have been applied in the set of
equations (8)-(10) to determine the input conditions to each steam line.
h(7)  xS ,b1 * hb1  xS ,b 2 * hb 2  xS ,b 3 * hb 3  xS ,b 4 * hb 4
  xS ,b1  xS ,b 2  xS ,b 3  xS ,b 4  * h600
h(8)  xS ,tg1ao * htg1ao  xS ,tg 2 ao * htg 2 ao  sSfwp * hSfwp  sWScwp * hWScwp  sSf 4 a * hSf 4 a
 xS , prv1 * hprv1   xS ,tg1ao  xS ,tg 2 ao  sSfwp  sWScwp  sSf 4 a  xS , prv1  * h125
h(9)  xS ,tg 2 bo * htg 2bo  sSf 1 * hSf 1  sSf 2 * hSf 2  sSf 4b * hSf 4b  xS , prv 2 * hprv 2
  xS ,tg 2 bo  sSf 1  sSf 2  sSf 4b  xS , prv 2  * h15

(8)
(9)
(10)

Energy balances on the heating, cooling and electricity demand nodes in Figure 3 are also treated as constraints so
that the differences in supply and demand for campus heating, cooling and electricity are driven to zero using
equations (11)-(14). The electricity component includes the purchase of electricity depending on the cost. The
electricity demand De represents both campus demand and in-plant demand of electric components.
h(10)  Dh,125l  H125
(11)
h(11)  Dh,15l  H15
(12)
h(12)  Dc  CSchr1  CSchr 2  CSchr 3  CEc
(13)
h(13)  De  xE , pur  Etg1  Etg 2
(14)
where,
H125  h125l * xS ,125l ; H15  h15l * xS ,15l
(15)
3
;
C

cop
*
x

cop
*
x
Echr
E,WEchr
Echr
E, NWEchr
CSchr   copSchr * xS ,WSchr * hWSchr Ec
(16)
i 1

Etg1  tg ,1 * htg1a * xS ,tg1  tg ,1 * htg1b * xS ,tg1bo ; Etg 2  tg ,2 * htg 2a * xS ,tg 2  tg ,2 * htg 2b * xS ,tg 2bo

(17)

Additional models for the boiler, turbine generator, chiller and other auxiliary nodes of Figure 3 are employed to
convert steam flows to energy inputs (e.g., boiler natural gas or coal requirements) or outputs (e.g., turbine generator
electricity outputs) and are not treated as constraints in the formulation. The A, F-B, CWP, FWP and PRV nodes in
Figure 3 represent steam loads that are either fixed or dependent on the other decision variables and are also
represented with additional models and not included in the constraints.
Additional inequality constraints deal with peak capacity limitations of the components. The two turbine generators
have a peak capacity of 30MW and 10MW. The steam chillers have a total capacity of 12,500 tons and the electric
chillers have a total capacity of 25,700 tons. Also, the amount of steam required to operate the steam turbine driven
pumps and fans, electricity for fans, pumps and other auxiliaries, water flowing through the pumps are a function of
variables of the components to which they are connected. Table 1 gives the list of decision variables and parameters
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used in this energy dispatch algorithm. The CCHP model is complex and involves 22 design variables (5 that
directly impact the objective function and 17 that are embedded in constraints) with 13 equality constraints and 14
inequality constraints.

3. OPTIMIZATION
3.1 Data required and assumptions for the model
Data required for the CCHP cost optimization and performances are listed as follows:
• Hourly load (demand) data of Purdue campus for electricity, heating, and cooling
o End-use loads vary by application type, building size, location, season, work week, and hour
• Utility electricity prices
• Price of on-site fuel (e.g., natural gas, coal)
• Range of “effective” operation of CCHP components for a given installed capacity
Some additional assumptions associated with the model are:
• Neglecting effect of other auxiliary support equipment on costs
• Neglecting the costs associated with maintenance and ownership of the equipment
Table 1: Energy demands (heating, cooling electrical), decision variables, and other parameters
xS,b

Steam output from each boiler (kg/s)

cNG

Fuel cost of Natural Gas ($/DT)

Dh

Heating Demand (kW)

xE , pur

Electricity purchased from utility (kW)

cC

Fuel cost of Coal ($/ST)

Dc

Cooling Demand (kW)

xS ,tg

Steam input to turbine generator (kg/s)

cE

Cost of electricity purchased ($/kWh)

De

Electricity Demand (kW)

xS ,tgao

Steam output from stage 1 of turbine
generator (kg/s)

hb

Heat energy to produce steam in
boiler (kJ/kg)

H125

Heating provided by 125
psig steam (kW)

xS , tgbo

Steam output from stage 2 of turbine
generator (kg/s)

b

Boiler efficiency (-)

H15

Heat energy provided by 15
psig steam (kW)

xS , prv

Steam input to pressure reducing valve
(kg/s)

HHVC

Higher heating value of coal(kJ/kg)

CSchr

Cooling capacity from steam
chillers (kW)

xS ,WSchr

Steam input to Wade steam chillers
(kg/s)

sSfwp

Steam input to steam-driven feedwater
pump (kg/s)

CEc

Cooling capacity from
electric chillers (kW)

125psig Steam output to campus (kg/s)

sScwp

Steam input to steam-driven chilled
water pump (kg/s)

Etg

Electricity generated by
turbine generator (kW)

xS ,15l

15psig Steam output to campus (kg/s)

sSf

Steam input to steam-driven fan (kg/s)

copSchr

xW , Sfwp

Water input to steam-driven feedwater
pump (kg/s)

saux

Steam input to auxiliaries (kg/s)

copEchr Coefficient of performance

Enthalpy (kJ/kg)

h125l

Heat energy provided by 125
psig steam (kJ/kg)

h15l

Heat energy provided by 15
psig steam (kJ/kg)

xS ,125l

xW ,E fwp Water input to electric feedwater pump
(kg/s)

xE,WEchr Electricity to Wade electric chillers
(kW)
xE,NWEchr Electricity to North West electric
chillers (kW)

h

htg

Enthalpy change across turbine
generator (kJ/kg)

tg

Turbine generator efficiency (-)

Coefficient of performance
of steam chillers (-)
of electric chillers (-)

hWSchr Enthalpy change across turbine
of steam chillers (kJ/kg)

3.2 Optimization framework
This CCHP optimization problem has a non-linear objective function with linear and nonlinear equality and
inequality constraints and strong coupling to the three energy demand components (electricity, heating and cooling).
Some of the design variables are continuous while others are discrete. Because of the multimodal and discontinuous
nature of this problem, genetic algorithm (GA) was chosen as the solution methodology. Implementation of the
genetic algorithm along with the energy dispatch algorithm is illustrated in Figure 4.
The CCHP model has 22 decision variables and 27 constraints. Lower and upper bounds on the decision variables
are given as inputs and are readily handled by the genetic algorithm. A relative tolerance for the solution resolution
was set as 0.025 for all the decision variables. From that, the number of bits is calculated and rounded off. The
number of bits for encoding each design variable was considered in parametric studies to determine a near-optimal
optimum value. The resolution, chromosome length, population size, and mutation rate are determined for uniform
crossover and tournament selection. The GA uses fitness function values that reflect all objectives and constraints.
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There is no need for derivatives or gradients. A fitness function that uses a penalty function to enforce the
constraints was developed and is given by:
 ( x)  f ( x)  rp * c j {max[0, g j ( x)]}  rp * c j {abs[0, h j ( x)]}
(18)
where f ( x) represents the objective function, g j ( x) represents the inequality constraints, and h j ( x) represents the
equality constraints. Parametric studies were performed to determine a good penalty multiplier, rp , that ensures
satisfaction of the constraints. A value of rp =1000 was employed with a scaling factor c j =1.

Figure 4: Flow chart of the optimal energy dispatch algorithm solved by GA

4. RESULTS AND DISCUSSION
4.1 Integrated hourly model
An example optimization was performed for a 24-hour period with known cooling, heating, and electricity demand
for the campus, and based on actual real time prices (RTP) for purchasing electricity. Figure 5(a) represents thermal
and electrical demand and Figure 5(b) shows the real-time price of electricity for a particular day in April. The price
of natural gas was 3.00 ($/DT) and the cost of coal was 70.80 ($/ST), which includes the cost of limestone, ash
handling and so on. These details were given as inputs to the 24-hour model to compare the optimal performance
with the actual operation of the plant.

(a)
(b)
Figure 5(a): Energy demand of Purdue campus; (b): Real time electricity price.
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Figure 6(a) shows comparisons of electricity produced and purchased for the actual operation (simulated
performance using the actual operating strategies) with the optimum results. It can be seen that the optimum results
predict that more electricity should have been generated compared to the actual operation to meet the total electrical
demand. However, the optimum still leads to purchasing of some electricity during peak hours of the day. Figure 6
(b) shows comparisons of cooling capacity produced by steam chillers and electric chillers. In the actual operation,
all the campus cooling demand was satisfied with the electric chillers. The optimum results predict the usage of both
electric and steam chillers to meet the campus cooling load especially when the demand is high. Figure 6 (c) shows
the total amount of steam produced in the boilers for the actual operation and optimal results. It can be seen that
more steam is produced in optimized operation with the additional steam used for both operation of turbine
generators to generate more electricity and steam chillers. In the actual operation, only two natural gas boilers were
used, whereas the optimized results include the usage of a coal boiler along with the two natural gas boilers. The
selection between coal and natural gas boilers depends on fuel cost, boiler efficiencies and their operating
conditions. For the same cost of coal, natural gas and RTP of electricity and the time varying campus electrical and
thermal load, the estimated cost of operation for the actual control strategy was $54,006 for 24 hours while the cost
for optimal operation was estimated to be $52,190 for 24 hours. This is a cost savings of $1816 for a 24 hour period.
Table 2 gives a summary of comparisons between actual operation and optimized results for this 24 hour period.

(a)

(b)

(c)
Figure 6(a): Amount of electricity generated and purchased; (b) Cooling capacity of steam and electric chillers
(c) Total steam produced in boilers for 24 hour time period [Ccoal = 70.80 ($/ST); CNG = 3.00 ($/DT)]

4.2 Fuel price sensitivity analysis
The sensitivity of the predicted results to natural gas and electricity prices was studied and typical results are
presented in this section. The campus energy demand for a particular hour of the day in summer season was used for
the sensitivity analysis, where the heating demand, Dh was 97MMBtu (28,310 kW), cooling demand, Dc was
25,385Tons (8,9354 kW) and the electrical demand, De was 29,406 kW. Since there is only one coal boiler and the
coal is purchased ahead of time, the cost of coal was set as 70.80 ($/ST) for the analysis.
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For the studying the effect of electricity prices, the cost of natural gas was set as 3.00 ($/DT) and the cost of
electricity was varied from 0 to 10 (¢/kWh). Figure 7 (a) shows comparisons of electricity generated and purchased
for the varying cost of electricity. It can be seen that a higher quantity of electricity is purchased at lower costs of
electricity. As the price of electricity increases above 3.90 ¢/kWh, there is a reduction in the purchase of electricity
and an increase in the generation of electricity from turbine generator 1 (TG-1). Above 4.20 ¢/kWh of electricity
cost, more electricity is generated than is purchased. However some amount of electricity is purchased during the
day to meet the electrical demand of campus and all electricity cannot be generated because of limited availability of
steam for TG-1 due to a low campus heating demand. Figure 7 (b) shows comparisons of cooling capacity produced
by steam chillers and electric chillers for over the range of electricity rates. The control switches from maximizing
electric chiller operation at low rates to steam chillers when rates are above 4.20 ¢/kWh in order to meet the campus
cooling demand. However, Wade electric chillers are operated on this summer day due to a high cooling demand.
From figure 7 (c), we can see that as the price of electricity increases, more steam is produced to meet the steam
demand of the turbine generators and steam chillers. At lower electricity prices some amount of steam is still
produced to meet the campus heating demand. Boilers 1, 2 and 3 are natural gas boilers while boiler 4 is a coal
boiler. The boilers are brought online depending upon their efficiency at different steam loads and operating
conditions.

(a)

(b)

(c)
Figure 7(a): Amount of electricity generated and purchased; (b) Cooling capacity of steam and electric chillers
(c) Total steam produced in boilers with the change in electricity purchase cost
[Dh = 97MMBtu; Dc = 25385Tons; De = 29,406 kW]
For the second case study, the cost of electricity was set as 4.50 ¢/kWh and the cost of natural gas was varied from 0
to 10 ($/DT). Figure 8 (a) shows comparisons of electricity generated and purchased for the varying cost of natural
gas. It can be seen that more electricity is generated at the lower natural gas prices, but above 3.60 $/DT there is an
increase in the purchase of electricity and decrease in the generation of electricity. Even at the high prices some
amount of electricity is generated that goes along with the production of steam to meet campus heating demand.
Figure 8 (b) shows comparisons of cooling capacity produced by steam chillers and electric chillers for the
increasing electricity cost. The steam chillers are operated when the price of natural gas is low, but operation is
switched to electric chillers above 3.60 $/DT to meet the campus cooling demand. From Figure 8 (c), we can see
that as the price of natural gas increases, there is a decrease in the total amount of steam produced. However, some
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amount of steam must be produced to meet the campus heating demand. The heating, cooling and electrical demand
drives the operation of equipment depending on the fuel cost. Considering the interactions between steam-driven
and electricity-driven components and fuel costs is essential in making operational decisions.
Table 2: Comparison between current operation and optimized results
For 24 Hours
Current Operation Optimized Results
Total steam produced [kpph]
7254
10611
Total electricity generated [MW]
422
854
Total electricity purchased [MW]
492
98
Total cooling from steam chillers [kTons]
0
74
Total cooling from electric chillers [kTons]
258
184
Total cost of operation [$]
54006
52190
Total cost savings [$]
1816 [3.36%]

5. CONCLUSION
A non-linear genetic algorithm (GA) was applied to a detailed network energy flow model of a large CCHP system
in order to determine the benefits of optimizing operation. The optimal energy dispatch algorithm provides
operational signals associated with resource allocation that results in minimum operating cost for the CCHP system.
Example optimized results were compared with costs for the current operating strategies to illustrate the potential for
cost savings. Savings are on the other of $2000 per day. Furthermore, the control decisions and savings potential
are sensitive to the fuel costs indicating that the benefits of implementing this type of control optimization could be
very significant. Future work will focus on evaluating the yearly savings and developing practical implementation
approaches.

(a)

(b)

(c)
Figure 8(a): Amount of electricity generated and purchased; (b) Cooling capacity of steam and electric chillers
(c) Total steam produced in boilers with the change in cost of natural gas
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